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Although much of the physics of surface states interacting with lateral nanostructures may be described by elementary wave mechanics [7] , there remain intriguing issues. In a recent paper, Ortega et al. reported a qualitative change in the surface state wave function on regularly stepped Cu surfaces when the average terrace length exceeded 17
A [11] . This crossover was interpreted as a ''switch from step to terrace modulation'' of the wave function, thereby resolving an apparent inconsistency between scanning tunneling microscopy data from large terraces, showing wave functions in the terrace plane, and photoemission data from vicinal surfaces, finding a Bloch wave vector in the optical surface plane [9] . However, photoemission studies on vicinal Cu always showed states with continuous parabolic dispersion, which has been taken as evidence for propagating states [9] [10] [11] , while STM experiments found standing waves, confined on single terraces [4, 6] . More recently, photoemission experiments on vicinal Au exhibited a crossover from propagating 2D states to confined 1D states, as the terrace width was increased [14] .
Here, we report an extensive photoemission study from two vicinal Cu surfaces with terrace lengths of 16.3 and 25.2 Å . We confirm a qualitative change of the wave function and show that it is described by the crossover from a superlattice state on surfaces with terraces narrower than 20
A to 1D localized states on wider terraces. This resolves the prior inconsistency between STM and photoemission data, and reconciles the apparent incongruity between Cu and the other noble metals.
Photoemission experiments have been performed at the SIS beamline of the Swiss Light Source using a Scienta 2002 spectrometer. All data were taken at room temperature. The combined energy resolution (photons and electrons) ranged from 15 meV at h 21 eV to 50 meV at 110 eV, and the angular resolution for all measurements was better than 0:15 . The two investigated samples, Cu(443) and Cu (665) [12] . Standard deviations of the terrace width distributions 0:31L for Cu(443) and 0:36L for Cu(665) were calculated from the LEED (low energy electron diffraction) spot profiles. Figure 1 shows the photoemission intensity distribution from the Shockley type surface states on Cu(443) and Cu(665), measured with various photon energies. The wave vector k x runs normal to the steps in the ''uphill'' direction. By varying the photon energy, the surface state wave function is probed at different wave vectors k z normal to the surface. For the extended photon energy range in our experiment (21-110 eV), k z ranges from 2:8 to 5:5 A ÿ1 , thus covering almost one reciprocal lattice vector between ÿ 111 and ÿ 222 .
Clearly, the two surfaces show a qualitatively different behavior. For Cu(443), the band bottom coincides for all photon energies with a zone boundary of the step superlattice [dashed lines in Fig. 1(a) ]. This indicates a coherent interaction of the surface state wave function over several terraces, as confirmed recently by the observation of a band gap, opening at the Fermi level [13] .
The main change between Cu(665) and Cu (443) is evident in the data sets around 45 eV. While the band is backfolded by a reciprocal step-lattice vector on Cu(443), there is no signature of the superlattice periodicity in the data from Cu(665). Instead the band bottom simply follows the k x values that correspond to the miscut angle of 4:75 , as observed previously by Ortega et al. at low photon energies [11] . The loss of any superlattice periodicity indicates a dramatic change of the initial state wave function. It obviously can no longer be described by a propagating superlattice state. However, its almost parabolic dispersion also appears to be incompatible with a 1D localized state, as observed by STM [6, 7, 15] and photoemission [19] on large terraces of Ag(111) and Au(111).
In the following we show that the apparently parabolic dispersion of the Shockley surface state on Cu(665) does not imply freely propagating states. It is well described by the photoemission intensity from an incoherent ensemble of lateral quantum-well states, which arise due to the coherent reflection of the wave function at the step edges defining individual terraces [6, 7] . The apparent dispersion turns out to be a consequence of the strong angular dependence of the matrix element, in conjunction with the spatial averaging in a photoemission experiment. This result will be demonstrated in adopting the experimental data with a model close to that of Mugarza et al. [19] .
We start with the standard expression for the photocurrent Ik; ! in the three step model:
where Ak; ! is the single particle spectral function and f! the Fermi-Dirac distribution. In order to calculate the matrix element, we neglect all components of the vector potential parallel to the surface plane, because the character of the surface state is largely dominated by sp z orbitals. For a plane wave final state f e ikr , the remaining integral is proportional to the Fourier transform of the initial state wave function along the x coordinate. It can be solved analytically for the wave functions for a particle in a box i x / sinNx=L, where N 1; 2; . . . , is the quantum number of the state and L the width of the well [14] :
The binding energy levels N for states in a onedimensional quantum well are given by N 0 ÿ N 2 2 h 2 =2m L 2 , where 0 is the ''energy zero'' for the surface state, which we expect to lie close to the band bottom (0.39 eV) for the flat surface [20] . The atomic potentials of the terraces are taken into account by using the effective mass m =m e 0:41 of the surface state on Cu(111). For weakly interacting systems, Ak; ! reduces to a Lorentzian and the photocurrent, expected for a single, isolated quantum well, can be calculated from Eq. (1). The result is shown in Fig. 2(a) , for the well width on Cu(665) of 25.2 Å . The first two states lead to the nondispersing levels at 0:35 and ÿ 0:1 eV, which are both strongly modulated in intensity by the matrix element. Next, we extend the model to a distribution of decoupled quantum wells, by weighting Ik; ! with the probability PL to find a terrace of width L [21] . Figure 2(b) shows a numerical integration of the weighted photocurrent, assuming a Gaussian PL with a standard deviation 0:36L, as obtained from the LEED analysis. The discrete energy levels seen in Fig. 2(a) are completely smeared out, and the intensity follows basically the free-electron-like dispersion with the same m and 0 . For a meaningful comparison of experiment and simulation, the latter is superimposed on a constant background and multiplied by the Fermi function. The resulting image plot, shown in Fig. 2(c) , closely resembles the experiment, reproduced in Fig. 2(d) . The key features of the experimental line shapes may be seen in Fig. 2 (e) and 2(f). In the center of the image, the energy distribution curves (EDCs) are intense and narrow but highly asymmetric. Upon approaching the Fermi level, the peaks become broader, and their asymmetry changes. All these features are well reproduced in the simulation. Note that the relative intensity of the subbands is fixed by Eq. (2). The remaining differences are mostly due to the oversimplified background and the photon energy dependent change in the intensity of left and right parabola branch. This is demonstrated by fitting a refined model to the data, which includes a background that accounts for the reduction of indirect transitions in the projected band gap, and an empirical parameter to better follow the peak intensities [ Fig. 2(g) ].
The qualitative change of the wave function is confirmed by the behavior of the surface state linewidths ÿ, shown in Fig. 3 . The value of ÿ=2 45 meV fitted to the Cu(665) data clearly deviates from the linear increase in step-density found for the superlattice states [23] . This points to an obvious difference between the two regimes. Since the superlattice state propagates along the macroscopic surface plane, it is not orthogonal to the bulk states and is thus in strict terms a resonance [12, 24] . This allows the decay of the photohole by scattering with bulk states on terrace sites, with a decay-rate proportional to the miscut angle (which, for small angles, is proportional to the step-density) [12] . The quantum-well state, on the other hand, can interact with bulk states only at the step-edges, resulting in a longer lifetime.
It has been speculated [12, 14] that the surface statesurface resonance transition might increase the bulk penetration depth of the resonance, which could cause its reduced sensitivity to the step potentials, which in turn may trigger the interaction over multiple terraces. Conceptualizing this view, we might understand the localized state as more natural, while the propagating resonances result because the system tries to avoid the high confinement energy on narrow terraces. In order to test this hypothesis, we have evaluated the surface state cross section as a function of k z in both regimes (Fig. 4) . The width of the roughly Lorentzian cross section resonance gives a measure for the bulk decay length , as it essentially reflects the Fourier transform of the initial state
, broadened by a final state contribution [25] . Obviously, there is no difference within the experimental accuracy between the two regimes, and the half-width of the resonance (0:67 A ÿ1 ) is very close to the value found for Cu(111) (0:71 A ÿ1 ) [26] . Explanations of the crossover, based on different effective step potentials felt by the quantum-well and superlattice states are thus likely inadequate. Instead, the surface state band structure energy provides an alternative grasp of the transition. Recently, we have demonstrated that the superlattice state gains significant energy due to the opening of a band gap at the Fermi level for terrace widths around 16 Å [13] . A further increase in Step Density (1/Å) terrace size causes the gap to move into the occupied states. As a consequence, the energy gain due to the gap opening is reduced and even vanishes for L * 25 A. Although energetic considerations point in the right direction, they might not be sufficient to explain the observed crossover. Ortega et al. proposed an onset of energy conserving scattering with bulk states as the projected band gap closes to explain the transition to ''step modulation'' on narrow terraces [11] . However, the geometrical coincidence between the onset of scattering with step-lattice vectors and the miscut angle, where the transition was observed, holds only for surface state electrons at the band bottom, and these states have no available final states to scatter into. Furthermore, the STM experiments of Bü rgi et al. indicate that scattering with bulk states is important even for very large terrace widths [7] . This, together with the identical bulk penetration depth in both regimes, makes it unlikely that interaction with bulk electrons drives the transition.
While the total energy of the electronic surface state must be important for a complete understanding of this transition from extended superlattice states to localized quantum-well states, it is likely that fluctuations in the step-lattice promote localization. Evidence for the relative importance of energetics and disorder induced localization could come from electronic structure calculations and molecular dynamics simulations. On this note it would be interesting to reexamine the weak onedimensional surface state found in the superlattice regime [22] .
In conclusion, we have demonstrated the localization of surface states on stepped Cu(111) surfaces with L > 20 A. With this finding, a consistent picture of surface state confinement on stepped noble metal surfaces emerges, which is of direct relevance for an understanding of a variety of processes they govern, including adatom diffusion, molecular ordering or surface reconstructions [17, 18] . On very large terraces, surface states propagate free electron like. As the step-step separation shrinks to below the coherence length, localized states with a discrete energy spectrum form and for even smaller terrace widths ( & 20 A), the states propagate again with the steps now acting as a superlattice. 
